Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) signaling is transient and spatially confined in live cells. How this pattern of signaling regulates transmitter release and hormone secretion has not been addressed. We devised an optogenetic approach to control PI(4,5)P 2 levels in time and space in insulin-secreting cells. Combining this approach with total internal reflection fluorescence microscopy, we examined individual vesicle-trafficking steps. Unlike long-term PI(4,5)P 2 perturbations, rapid and cell-wide PI(4,5)P 2 reduction in the plasma membrane (PM) strongly inhibits secretion and intracellular Ca 2+ concentration ([Ca 2+ ] i ) responses, but not sytaxin1a clustering. Interestingly, local PI(4,5)P 2 reduction selectively at vesicle docking sites causes remarkable vesicle undocking from the PM without affecting [Ca 2+ ] i . These results highlight a key role of local PI(4,5)P 2 in vesicle tethering and docking, coordinated with its role in priming and fusion. Thus, different spatiotemporal PI(4,5)P 2 signaling regulates distinct steps of vesicle trafficking, and vesicle docking may be a key target of local PI(4,5)P 2 signaling in vivo.
INTRODUCTION
Phosphatidylinositol-4,5-bisphosphate (PI(4,5)P 2 ) is relatively abundant among phosphoinositides (PIs) in theplasmamembrane (PM) Hammond et al., 2012; Nakatsu et al., 2012) . It regulates cellular function (De Camilli et al., 1996; Di Paolo and De Camilli, 2006; Balla, 2013) by interacting directly with its effector proteins and/or serving as a precursor of second messengers (Martin, 2015; Hammond and Balla, 2015; Di Paolo and De Camilli, 2006) . Biochemical and genetic studies have demonstrated that PI(4,5)P 2 is required for both synaptic transmission (Wenk et al., 2001; Di Paolo et al., 2004; Cremona et al., 1999) and hormone secretion (Hay et al., 1995; Milosevic et al., 2005; Holz et al., 2000; Martin, 2001; James et al., 2008) . Accordingly, in vitro experiments from liposome fusions (Bai et al., 2004) and membrane sheets (Honigmann et al., 2013 ) suggest a critical role of PI(4,5)P 2 for exocytosis. Spatially confined subcellular PI(4,5)P 2 signaling is widely thought to be crucial for signal specificity and efficiency in vivo. The presence of local PI(4,5)P 2 elevations at vesicle fusion sites (Trexler et al., 2016) indicates its specific role during exocytosis. However, all the available studies on PI(4,5)P 2 -regulated exocytosis are based on either cell-wide PI(4,5)P 2 perturbation assays or in vitro experiments. The function of subcellular PI(4,5)P 2 signaling during exocytosis remains poorly understood.
During transmitter release and hormone secretion, secretory vesicles undergo different trafficking steps prior to exocytosis: vesicle recruitment from a distant reserve vesicle pool; tethering/docking to the PM; priming; and fusion upon Ca 2+ triggering (Rettig and Neher, 2002; Voets, 2000; Neher and Sakaba, 2008; Imig et al., 2014; Südhof, 2013) . Different roles of PI(4,5)P 2 have been reported in those processes. Biochemistry work has identified that a phosphatidylinositol transfer protein and a type I PIP5 kinase are required for vesicle secretion (Hay et al., 1995; Hay and Martin, 1993) . Genetic knockout (KO) of major PI(4,5)P 2 metabolic enzymes synaptojanin-1 (Cremona et al., 1999) and PIP kinase type 1γ (PIPK1γ) (Di Paolo et al., 2004) severely impair clathrin-mediated endocytosis (CME), vesicle uncoating (Cremona et al., 1999) , and readily releasable pool (RRP) size (Di Paolo et al., 2004) . Overexpression of membrane-targeted synaptojanin-1 and knockdown of PIPK1γ in chromaffin cells decrease RRP size and vesicle-refilling rate (Milosevic et al., 2005) , implying a defect upstream of the Ca 2+ triggering. PIPK1γ KO in chromaffin cells showed a selective defect in vesicle priming rather than vesicle docking and Ca 2+ currents (Gong et al., 2005) . On the other hand, PI(4,5)P 2 regulates Ca 2+ channels (Suh et al., 2010) ; the supra-linear dependence between intracellular Ca 2+ concentration (Lou et al., 2005 ) predicts a critical role of PI(4,5)P 2 -mediated Ca 2+ signaling in exocytosis. Moreover, all the previous studies employed either in vitro assays or cell-wide PI(4,5)P 2 perturbations, which lack subcellular specificity and often suffer from chronic interruptions that may induce adaptation. Thus, a long-standing question is how the fast, localized PI(4,5)P 2 alterations regulate exocytosis in the context of physiology.
The big challenge to address this question is the lack of approach for local PI(4,5)P 2 manipulations in living cells. Most previous studies rely on pharmacological or genetic perturbations of key enzymes for PI metabolism, in which cell-wide perturbations can evoke non-specific signaling and thus complicate data interpretations. Recent technology development makes it possible to overcome this issue. For example, chemical-inducible approaches, including rapamycin-induced FRB/FKBP12 dimers (Suh et al., 2006; Szentpetery et al., 2010; Heo et al., 2006; Varnai et al., 2006; Hammond et al., 2012) , can rapidly control PI(4,5)P 2 signaling in live cells. The light-inducible heterodimerization method provides an optogenetic strategy to interrogating subcellular function in time and space (Toettcher et al., 2011; Pathak et al., 2013) . Multiple light-switchable systems based on natural or engineered photoreceptors have been reported, such as light-inducible cryptochrome 2 (CRY2)/CIB1 dimers from Arabidopsis thaliana (Kennedy et al., 2010; Idevall-Hagren et al., 2012) and light-oxygen-voltage (LOV) domains (Yazawa et al., 2009 ). Light-inducible transportation of small organelles using motor protein (kinesin or dynein) has also been demonstrated recently in live cells (van Bergeijk et al., 2015; Duan et al., 2015) .
Here, we developed an optogenetic approach for local PI(4,5)P 2 manipulations in time and space (e.g., specifically at vesicle docking sites) and dissected the role of PI(4,5)P 2 in vesicle trafficking in INS-1 cells. Total internal reflection fluorescence microscopy (TIRFM) allows monitoring temporal-spatial-dependent PI(4,5)P 2 regulation on each step of vesicle trafficking. We found different effects of PI(4,5)P 2 in vesicle trafficking, depending on its spatial and temporal patterns. In particular, rapid and local PI(4,5)P 2 signaling at vesicle-PM-contacting sites is crucial for stabilizing vesicle tethering and docking, a previously unappreciated effect upstream of vesicle priming in the secretory pathway. This function may be a key mechanism for PI(4,5)P 2 -mediated exocytosis regulation in vivo, where fast and localized PI(4,5)P 2 metabolism occurs frequently.
RESULTS

Visualizing Vesicle Dynamics and Fusion under TIRFM after Chronic PI(4,5)P 2 Perturbations
We studied PI(4,5)P 2 function in insulin release in INS-1 cells using TIRFM (Axelrod, 1981; Zenisek et al., 2000) . The 4-color TIRFM (Fan et al., 2015) allows us to visualize individual insulin granules in live cells and study their dynamics and exocytosis. We first evaluated the role of long-term PI(4,5)P 2 inhibition by overexpressing PI(4,5)P 2 binding domain of PLCδ1 (PH PLCδ1 ) (Hammond and Balla, 2015; Holz et al., 2000) for 2 days to compete with endogenous PI(4,5)P 2 effectors. Insulin granule exocytosis was imaged by NPY-pHluorin ( Figure 1A ; Movie S1), a pH-sensitive fluorescent probe for detecting large dense core vesicle (LDCV) fusion (Fan et al., 2015) . During 60 mM KCl stimulation (for 7 min), exocytosis events tended to decrease (Figures 1B and 1C; p > 0.05) in the cells coexpressing mCherry-PH PLCδ1 . The vesicle density under TIRFM labeled by NPY-DsRed, a granule marker colocalized with insulin granules (data not shown), was comparable to control ( Figures 1D and 1E ). Particle-tracking analysis revealed faster insulin granule dynamics than controls ( Figure 1F ), suggesting altered vesicle transportation due to the chronic PI(4,5)P 2 perturbations.
Syntaxin1a molecules form clusters on the PM Bar-On et al., 2012; Barg et al., 2010; Sieber et al., 2007; Rickman et al., 2010) , which may stabilize vesicle docking and promote priming (Barg et al., 2010; Gandasi and Barg, 2014) through their interactions with PI(4,5)P 2 (van den Bogaart et al., 2011; Aoyagi et al., 2005) . Next, we examined synatxin1a alteration after overexpression of PH PLCδ1 in INS-1 cells. We found a significant decrease in EGFP-syntaxin1a cluster density ( Figures 1G and 1H ). This inhibitory effect correlated quantitatively with the levels of PH PLCδ1 expressed ( Figure 1I ), suggesting a decrease of free PI(4,5)P 2 accessible by endogenous effectors. The limited secretion inhibition may result from insufficient PH PLCδ1 expression levels or/and chronic PI(4,5)P 2 compensation in these cells. This result is consistent with the involvement of syntaxin1a cluster changes in modulating exocytosis following long-term PI(4,5)P 2 perturbations.
Distinct Effects of Rapid Optogenetic Control of PI(4,5)P 2 Metabolism on Vesicle Dynamics and Secretion from Chronic PI(4,5)P 2 Perturbations
To rapidly control PI(4,5)P 2 levels in living INS-1 cells, we developed an optogenetic approach ( Figure 2A ) by utilizing the improved light-inducible dimer (iLID) (Guntas et al., 2015) and an inositol polyphosphate-5-phosphatase domain of oculocerebrorenal syndrome of Lowe (OCRL) gene (5′Ptase OCRL ; Idevall-Hagren et al., 2012) . We chose the iLID pair and 5′Ptase OCRL because this combination can achieve the least background PI(4,5)P 2 perturbation in the dark (Hallett et al., 2016) and more efficient PI(4,5)P 2 depletion under blue light activation (Idevall-Hagren et al., 2012) . 5′Ptase OCRL was fused with the Micro (the cytosolic part of dimer), the other part of the dimer (iLID) was tagged with a CAAX sequence for the PM targeting, and both segments were further combined into a single iLID construct (tgRFPt-Micro-5′Ptase OCRL -T2A-iLIDcaax) by inserting a T2A sequence in between (Figure 2A, bottom) . This latter step is critical to boost transfection efficiency and maintain secretion capacity of INS-1 cells.
We expressed this plasmid and iRFP-PH PLCδ1 (an infra-red PI(4,5)P 2 probe) to control and image PI(4,5)P 2 levels simultaneously in INS-1 cells ( Figure 2B ). Blue light triggered rapid 5′Ptase OCRL translocation to the PM and subsequent iRFP-PH PLCδ1 dissociation from the PM to cytosol ( Figure 2B ; Movie S2). The PI(4,5)P 2 levels (indicated by iRFP-PH PLCδ1 ) decreased immediately after light activation and reached a steady state within ~0.5 min (τ = 8.3 ± 1.1 s; n = 13 cells) as measured by TIRF imaging ( Figure 2C ). This response was reversible. It recovered within several minutes (τ = 70.5 ± 4.8 s; n = 13 cells) after stopping blue light illumination. Because 5′Ptase OCRL converts PI(4,5)P 2 into PI4P after recruiting to the PM (without generating IP3), the iRFP-PH PLCδ1 dissociation from the PM suggested a specific decrease of PI(4,5)P 2 on the PM.
Using this optogenetic approach, we examined the effect of a rapid PI(4,5)P 2 decrease on vesicle trafficking in living INS-1 cells, in order to compare with the chronic perturbation of PI(4,5)P 2 (Figure 1 ). In the cells expressing iLIDs (tgRFPt-Micro-5′Ptase OCRL -T2A-iLIDcaax) and NPY-pHluorin, blue light exposure led to a drastic decrease of fusion events induced by 60 mM KCl stimulation, in contrast with the control cells that expressed tgRFPtMicro-5′Ptase OCRL (without the membrane anchor) and NPY-pHluorin (Figures 2D, 2F, and 2G) . This is consistent with the result from bulk measurement of human growth hormone release in MIN6 cells (Xie et al., 2016) . Interestingly, after PI(4,5)P 2 reduction, abundant NPY granules were still visible under the TIRF field with 405 excitation ( Figure 2E ), indicating a defect downstream of vesicle docking in the secretory pathway (e.g., vesicle priming, Ca 2+ triggering, or fusion). Next, we monitored how the acute, global PI(4,5)P 2 decreases affect granule docking/tethering and dynamics. Quantitative analysis (Figures 2H and 2I) revealed a moderate decrease in granule density beneath the PM after acute PI(4,5)P 2 decrease (p < 0.01). Individual granules were more dynamic than control cells under the TIRF field ( Figure 2J ); particle-tracking assay revealed a slightly faster speed and shorter dwelling time. Different from those with chronic PH PLCδ1 expression (Figure 1 ), these results indicate that the rapid PI(4,5)P 2 decrease induces a prominent defect downstream of vesicle docking.
Impaired Ca 2+ Signaling and Filamentous Actin (F-actin) dynamics, but Not Syntaxin1a
Clustering, following Acute PI(4,5)P 2 Reduction Next, we examined whether the rapid PI(4,5)P 2 decrease perturbs vesicle priming, its downstream step at Ca 2+ triggering, or both. It is reported that syntaxin clusters partially colocalize with PI(4,5)P 2 -enriched domains (Aoyagi et al., 2005; Kabachinski et al., 2014) and participate in LDCV docking and subsequent secretion (Gandasi and Barg, 2014; Barg et al., 2010 ; although it may not be required at the initial vesicle attachment to the PM [Yang et al., 2012] ). To explore the spatial connection between vesicle fusion sites and syntaxin1a clusters in INS-1 cells, we imaged NPY-pHluorin and EGFP-syntaxin1a during the 60 mM KCl stimulation ( Figures 3A-3D ). NPY-pHluorin is invisible before fusion but becomes several-fold brighter than a single syntaxin1a cluster upon vesicle fusion. This characteristic response marks granule fusion sites, regardless of the presence of EGFP-syntaxin1a signal in each exocytosis event. In diffraction-limited TIRF images ( Figures 3A, 3B , and 3D), most fusion events occurred at a EGFP-syntaxin1a cluster (83% events from total 111 fusion events in 10 cells). A smaller fraction of fusion events (17%) occurred in a region lacking an EGFP-syntaxin1a cluster signal ( Figures 3C and 3D) , where the presence of unlabeled endogenous syntaxin1a molecules cannot be ruled out. Because NPY-pHluorin is invisible before membrane fusion, these data cannot distinguish whether the syntaxin1a cluster preexists before vesicles approach the PM or newly formed during stable docking (Gandasi and Barg, 2014) .
This result raises a possibility that PI(4,5)P 2 decrease likely impairs vesicle priming through syntaxin1a cluster alteration. We tested this by directly monitoring syntaxin1a clusters in live cells following acute PI(4,5)P 2 decreases. Unexpectedly, light-activated PI(4,5)P 2 reduction did not change the size, density (Figures 3E and 3F) , and dynamics of syntaxin1a clusters in these cells (Movie S3). This lack of effect contrasts with the disappearance of sytaxin1a clusters in PC12 cells after long-term overexpression of membrane-targeted synaptojanin-1 (van den Bogaart et al., 2011) , as well as the chronic perturbation by overexpression of PH PLCδ1 (Figure 1 ). These data suggested different effects on syntaxin1a clusters from chronic and rapid PI(4,5)P 2 perturbations. Thus, syntaxin1a cluster alteration may play an important role in secretory regulation in chronic PI(4,5)P 2 perturbations, but such a role appears limited in the rapid PI(4,5)P 2 signaling in live cells.
It is known that PI(4,5)P 2 stimulates F-actin polymerization (Yin and Janmey, 2003; Saarikangas et al., 2010) and the latter modulates membrane trafficking and hormone secretion (Fan et al., 2015; Lanzetti, 2007; Wen et al., 2011) . Thus, rapid PI(4,5)P 2 reduction may regulate vesicle trafficking and secretion by F-actin modulation. To test this, we monitored F-actin changes using Tractin-EGFP (as an F-actin probe; Johnson and Schell, 2009 ) in INS-1 cells co-expressing the optogenetic pairs. The rapid, light-induced 5′Ptase recruitment to the PM led to a partial disassembly of F-actin and a decrease of F-actin fluorescence intensity ( Figure S1A ), consistent with the PI(4,5)P 2 function in promoting Factin formation (Saarikangas et al., 2010) . This effect is reversible (through PI(4,5)P 2 resynthesis) and reproducible in the same cell after a ~20-min break of blue light illumination ( Figure S1D ). Moreover, F-actin network appeared more active and dynamic after the rapid PI(4,5)P 2 decrease ( Figure S1C ; Movie S4). These F-actin alterations may contribute to the impaired granule docking and secretion during the rapid, global PI(4,5)P 2 decrease. PI(4,5)P 2 is well known to regulate voltage-gated Ca 2+ channels (Wu et al., 2002; Suh et al., 2010) , a major source of intracellular Ca 2+ concentration ([Ca 2+ ] i ) increase that drives vesicle fusion with supra-linear kinetics (Lou et al., 2005; Voets, 2000) . To image [Ca 2+ ] i beneath the PM, we utilized a Ca 2+ fluorescence probe GCAMP6s (Chen et al., 2013) anchored on the inner leaflet of the PM via a CAAX sequence ( Figure 3G ). Spontaneous oscillations of [Ca 2+ ] i were vigorous in many INS-1 cells at rest, and 60 mM KCl stimulation evoked large [Ca 2+ ] i elevations ( Figures 3G-3I ). After blue light activation in the cells co-expressing the iLID pair, the evoked responses were significantly smaller than control cells (Figures 3G-3I ; Movie S5), consistent with the results measured by a cytosolic Ca 2+ probe and patch-clamp (Xie et al., 2016) . In addition, this [Ca 2+ ] i inhibition is fully reversible (Figures S1E-S1G ). These data indicate that the impaired [Ca 2+ ] i signal is a key factor that accounts for the secretion defect during acute, cell-wide PI(4,5)P 2 decrease in the PM.
Rapid Optogenetic Control of Subcellular PI(4,5)P 2 Levels Selectively at Vesicle Docking Sites
Physiologically relevant PI(4,5)P 2 signal is often fast and confined to subcellular regions in order to achieve signaling specificity and efficiency in vivo. Secretory cells may utilize such local PI(4,5)P 2 -mediated modulation at vesicle docking and release sites to regulate secretion, without significantly changing other PI(4,5)P 2 -mediated cellular functions. Direct imaging studies showed a heterogeneous PI(4,5)P 2 distribution in intact live cells (Ji and Lou, 2016; Ji et al., 2015) , although its nanometer-scale patterns are diverse in fixed samples ranging from dense nano-domains (van den Bogaart et al., 2011), microdomains Fujita et al., 2009) , or even distribution (van Rheenen et al., 2005) . About 20% of dense core vesicles reside in PI(4,5)P 2 -enriched regions on the fixed cell PM (Aoyagi et al., 2005) , and this number increases to 50% when probed with PH PLCδ4 -GFP (Kabachinski et al., 2014) . However, the specific effect of these local PI(4,5)P 2 changes on vesicle trafficking remains unclear in live cells.
To address this question, we utilized the light-inducible CRY2-CIBN pair (Kennedy et al., 2010; Idevall-Hagren et al., 2012) but targeted CIBN (the anchor part) onto vesicles ( Figure  4A ) rather than the PM. After validating the efficiency of CRY2-CIBN pair in INS-1 cells ( Figure S2 ), we cloned a chimera in which CIBN was tagged to vesicle membrane protein VAMP2 N terminus, so that blue light could recruit mCherry-CRY2-5′Ptase OCRL onto vesicles rapidly. We used the CRY2-CIBN pair rather than the iLID pair in this experiment because the CRY2 oligomerization tendency after light activation (Kennedy et al., 2010) may also enhance 5′Ptase recruitment onto vesicles. Consequently, mCherry-CRY2-5′Ptase OCRL that were recruited to docked vesicles, which directly contact with the PM at docking sites, would decrease local PI(4,5)P 2 levels selectively at this PM region without broadly affecting global PI(4,5)P 2 levels ( Figure 4A ). In INS-1 cells expressing the plasmids mCherry-CRY2-5′Ptase OCRL and CIBN-iRFP-VAMP2, vesicles were labeled by VAMP2 (Figure 4B , left; pseudo-color for iRFP), but not 5′Ptase OCRL signal at rest, indicating the predominant cytosolic presence of 5′Ptase OCRL . Upon blue light illumination, we observed the rapid accumulation of mCherry-CRY2-5′Ptase OCRL fluorescence on CIBN-VAMP2-positive vesicles ( Figure 4B , right, yellow spots). The good colocalization between 5′Ptase OCRL and VAMP2 fluorescence suggested an efficient recruitment of 5′Ptase OCRL onto the vesicles.
Next, we directly examine the local changes of PI(4,5)P 2 at vesicle docking sites by expressing this optogenetic pair (mCherry-CRY2-5′Ptase OCRL -T2A-CIBN-VAMP2) and iRFP-PH PLCδ1 in INS-1 cells. Counterintuitively, we observed no obviously visible iRFP-PH PLCδ1 decrease at the PM regions with VAMP2-positive vesicles under TIRFM, despite the presence of efficient 5′Ptase OCRL translocation upon blue light activation ( Figures 4C  and 4D ) and clear iRFP-PH PLCδ1 decreases in global manipulation ( Figure S2 ). Because the local depletion requires a direct contact of 5′Ptase OCRL (on vesicles) with the PM and some vesicles visible under TIRFM are not always stably attached or docked on the PM, we only focus on those bright vesicles with a stable position (within an 195 x 195 nm region) for >4 s after 5′Ptase OCRL recruitment. Quantitative analysis revealed a small but significant decrease (4.2% ± 0.8%; n = 12 vesicles; p < 0.005) of iRFP-PH PLCδ1 signal after light illumination, and this signal recovered after the vesicle moved away from the small vesicle-PM contacting region ( Figure 4E ). The similar results were observed from other cells (n = 7 cells; Figure S3A ). Our imaging simulation suggested that the real PI(4,5)P 2 decrease at docking sites was stronger than the fluorescence loss detected by TIRFM because of the light diffraction of remaining iRFP-PH PLCδ1 signal surrounding the docking sites ( Figure  S3 ). Further quantitative simulations predicted a more severe PI(4,5)P 2 decrease at the local PM (nearly full depletion) in this experiment than the global manipulation (~60%; Figures  S3D-S3G ).
The Local PI(4,5)P 2 Decrease Impairs Vesicle Docking, but Not [Ca 2+ ] i in Live Cells Next, we aim to examine how the specific PI(4,5)P 2 decreases at vesicle docking sites affect vesicle trafficking and exocytosis in INS-1 cells. Surprisingly, we observed dramatic vesicle undocking after the mCherry-5′Ptase OCRL translocation onto vesicles ( Figures 5A-5C) , contrasting with the cell-wide manipulation experiments. Upon blue light activation, ~50% vesicles labeled by mCherry-5′Ptase OCRL departed from the PM and left the TIRF field (Figures 5A-5C ; Movie S6); some vesicles appeared insensitive to the local PI(4,5)P 2 decrease and remained on the PM for exocytosis upon stimulation (see below), presumably reflecting different priming status among docked vesicles. To distinguish the potential contribution of light-inducible CRY2 oligomerization (Kennedy et al., 2010) to this result, we replaced 5′Ptase OCRL with its enzyme-dead mutation (D523G; as confirmed in Figure  S2D ) as a control optogenetic pair. We observed no vesicle undocking ( Figure 5B ; Movie S6) despite light-inducible mCherry-5′Ptase OCRL(D523G) translocation occurring efficiently. This suggested a specific role of 5′Ptase OCRL . Indeed, we noticed marginal levels of vesicle clustering in some cells during light activation from both 5′Ptase OCRL and its D523G mutant experiments, consistent with the low levels of light-inducible CRY2 oligomerization (Kennedy et al., 2010) . However, this oligomerization effect should not affect our conclusion because the D523G mutant experiment did not show docking defect. This was further supported by the alternative experiment ( Figure S4 ) using the iLID pair that has no oligomerization tendency (Hallett et al., 2016) , in which we observed a similar vesicle undocking effect ( Figure S4 ). These data uncover a previously unknown function of PI(4,5)P 2 in vesicle availability and docking at the PM, which specifically occurs upon the rapid PI(4,5)P 2 metabolism at vesicle docking sites in living cells.
To examine the effect of the local PI(4,5)P 2 changes on vesicle secretion, we tagged pHluorin to VAMP2 luminal domain ( Figure 5D , bottom) so that vesicle fusion can be detected by a transient pHluorin flashing spot. In control cells expressing mCherry-CRY2-5′Ptase OCRL(D532G) -T2A-CIBN-VAMP2-pHluorin, 60 mM KCl stimulation induced vigorous vesicle fusion as indicated by the overall increase of VAMP2-pHluorin fluorescence intensity on the PM (Figure 5D , top). Abundant individual fusion events can be identified during the stimulation (Figure 5E , top; Movie S7), suggesting an intact VAMP2-pHluorin function in supporting vesicle fusion after light-induced 5′Ptase OCRL(D532G) translocation onto vesicles. In contrast, in cells expressing mCherry-CRY2-5′Ptase OCRL -T2A-CIBN-VAMP2-pHluorin, we observed ~36% (n = 12 cells for both groups; p < 0.05) decrease in those bright fusion events compared to controls ( Figures 5E and 5F ). Simple analysis of VAMP-pHluorin intensity on the PM also revealed a significant amplitude decrease ( Figure S5 ), indicating impaired vesicle secretion.
Interestingly, unlike the cell-wide experiments ( Figures 3G-3I ), the intracellular Ca 2+ signal monitored by GCaMP6s-caax fluorescence was comparable to control cells after the bluelight-induced 5′Ptase OCRL translocation onto vesicles ( Figures 5G-5I ), both at the initial and later stages of light activation ( Figure 5I ). Similar results were observed when cells were stimulated at 20 s after light activation. These results indicate a negligible role from the [Ca 2+ ] i modulation under this condition, suggesting that only a limited portion of Ca 2+ channels are colocalized with docked vesicles in INS-1 cells given the well-documented role of PI(4,5)P 2 in Ca 2+ channel regulation (Suh et al., 2010 ; also see Figures 3G-3I ). In addition, we examined the local actin dynamics during the local PI(4,5)P 2 interruption. We found no significant changes of actin filaments during blue light activation under the resolution of TIRFM. This contrasts with a significant change of F-actin observed under the cell-wide PI(4,5)P 2 decrease (Figures S1A-S1D ). This experiment highlights a specific role of the local PI(4,5)P 2 decrease at vesicle docking sites as compared to the global PI(4,5)P 2 decrease.
Collectively, these local PI(4,5)P 2 perturbation experiments suggest that, under the context of physiological condition, spatially confined PI(4,5)P 2 changes on the PM appears to regulate vesicle secretion primarily through vesicle tethering and docking, and their contribution in modulating Ca 2+ triggering or actin remodeling is limited.
DISCUSSION
We tackle the spatial-temporal regulation of PI(4,5)P 2 in the secretory pathway by TIRFM and optogenetic approaches. Direct comparisons among different spatial-temporal patterns of PI(4,5)P 2 perturbations revealed a mechanistically distinct role for PI(4,5)P 2 to regulate individual vesicle trafficking in insulin-secreting cells. Remarkably, the rapid and subcellular decreases of PI(4,5)P 2 levels result in pronounced vesicle undocking from the PM, a previously unappreciated function of PI(4,5)P 2 in vesicle secretory pathway.
This study characterized individual vesicle trafficking under the rapid, localized, and direct PI(4,5)P 2 manipulation in intact cells. We show that vesicle tethering/docking is a primary target for fast, subcellular PI(4,5)P 2 signal in the vesicle trafficking pathway of INS-1 cells. This is not trivial because PI(4,5)P 2 signaling in living cells is fast and highly compartmentalized (Trexler et al., 2016) . Moreover, β cells release insulin in biphasic fashion (Fan et al., 2015; Seino et al., 2011) ; rapid vesicle availability, tethering, and docking at the PM may become a rate-limiting step during sustained insulin release. In contrast, long-term (in days or months) and cell-wide PI(4,5)P 2 changes may occur less frequently, e.g., under certain unusual scenarios, such as pathological conditions or cell damage. Thus, the tight spatial-temporal control of PI(4,5)P 2 signaling becomes critical to β cell physiology.
The vesicle undocking induced by the local PI(4,5)P 2 changes is striking. Such function has not been appreciated before despite its established role in vesicle priming (Hay and Martin, 1993; Gong et al., 2005) , Ca 2+ triggering (Xie et al., 2016) , and fusion (Bai et al., 2004) . Our direct vesicle imaging revealed significant vesicle departure from the PM in the local PI(4,5)P 2 decrease experiments, suggesting an important role of local PI(4,5)P 2 in the secretory pathway upstream of vesicle priming. The cell-wide perturbations may have limited impact to the local PI(4,5)P 2 levels under vesicle docking sites and thus showed minor undocking effects. PI(4,5)P 2 is likely to stabilize vesicle tethering to the PM by directly interacting with synaptotagmin-1 (Bai et al., 2004; Park et al., 2015; de Wit et al., 2009; Jahn and Fasshauer, 2012) and/or syntaxin1a (Aoyagi et al., 2005; Gandasi and Barg, 2014; Murray and Tamm, 2009 ) before a stable docking and priming. The syntaxin1a clustering and F-actin showed little alteration during such local PI(4,5)P 2 perturbations and thus appeared unlikely to play a major role. It is unclear whether vesicle priming proteins, such as calcium-dependent activator protein for secretion (CAPS) (Martin, 2015; Grishanin et al., 2004; Kabachinski et al., 2014) and Munc-13 (Brose and Rosenmund, 2002; Kabachinski et al., 2014; Shin et al., 2010) contribute to this process because they can directly interact with PI(4,5)P 2 at the PM. It will be interesting to address these questions in future work.
This work directly demonstrated distinct effects and mechanisms of PI(4,5)P 2 regulation under different spatial and temporal PI(4,5)P 2 signaling: long-term versus acute interruptions and cell-wide versus localized PI(4,5)P 2 metabolism. Syntaxin1a clusters dispersed after chronic perturbations (van den Bogaart et al., 2011; also see Figure 1I) ; however, the rapid PI(4,5)P 2 decrease has little effect on syntaxin clustering (within ~30 min) in live cells, indicating that syntaxin1a cluster alteration may play a less prominent role than previously thought in mediating the acute PI(4,5)P 2 regulation of exocytosis. The different temporal PI(4,5)P 2 perturbations may reconcile some discrepancy in literature. For example, acute PI(4,5)P2 reduction inhibits Ca 2+ channels (Suh et al., 2010) , but chronic PI(4,5)P2 reduction in PIPK1γ KO cells does not (Gong et al., 2005) .
Our data showed a different role of spatial PI(4,5)P 2 signaling in secretion. Acute, cell-wide PI(4,5)P 2 reduction causes a large decrease of Ca 2+ signal ( Figures 3G-3I ), consistent with a paper published (Xie et al., 2016) when this work was under review. In contrast, the rapid and localized decrease of PI(4,5)P 2 levels selectively at vesicle-PM contact sites shows no detectable effect on [Ca 2+ ] i responses, suggesting a limited contribution from the PI(4,5)P 2 -mediated Ca 2+ channel modulation in this case. This result reflects the number of affected Ca 2+ channels is limited; it is possible that the number of Ca 2+ channels colocalized with docked vesicles was too low to affect the total Ca 2+ channel activity or vesicle-channel coupling may not be tight enough. In contrast, this rapid subcellular PI(4,5)P 2 decrease leads to strong vesicle undocking, highlighting that vesicle docking/tethering is an effective target of PI(4,5)P 2 alteration during secretion in living cells, where rapid and local PI(4,5)P 2 changes frequently occur in order to achieve efficient and specific signaling. This PI(4,5)P 2 function is consistent with a recent observation of localized PI(4,5)P 2 alteration at release sites (Trexler et al., 2016) .
In summary, the role of PI(4,5)P 2 in the secretory pathway varies with temporal and spatial features of PI(4,5)P 2 signaling, the choice of targeting to vesicle recruitment, docking/ tethering, priming, or Ca 2+ influx relying on the time and space of PI(4,5)P 2 changes.
Optogenetics and direct vesicle imaging revealed that rapid, subcellular PI(4,5)P 2 reduction at vesicle docking sites effectively modulates vesicle tethering and docking to the PM. Because PI(4,5)P 2 signaling under many physiological conditions is spatially confined and short lived, it may target vesicle docking, in coordination with its downstream function in vesicle priming and fusion, as a general mechanism to regulate secretion in vivo.
EXPERIMENTAL PROCEDURES
INS-1 Cell Cultures, DNA Constructs, and Molecule Cloning
Insulin-secreting INS-1 832/13 cells (Hohmeier et al., 2000; passages 50-65 ; from Dr. Christopher B. Newgard at Duke University) were cultured as described previously . These cells were seeded on the round coverslips pre-coated with 15 µg/mL fibronectin (Millipore) and followed DNA transfection using Lipofectamine 3000 (Life Technologies). Experiments were performed between 48 and 60 hr after the transfection unless otherwise specified. DNA cloning and constructs are detailed in the Supplemental Information.
Live-Cell Spinning Disk Confocal and TIRF Imaging
We used a Nikon Ti-E Eclipse inverted-microscope-based imaging system under the control of NIS-Elements AR software as described previously Ji and Lou, 2016) . All experiments were performed at 35°C-37°C; imaging buffers and procedures are described in the Supplemental Information.
Exocytosis events (NPY-pHluorin and VAMP2-pHluorin) were continuously imaged under TIRFM at 5 Hz (200 ms exposure time) with 2 × 2 binning (equivalent pixel size of 130 nm). For imaging NPY-pHluorin and EGFP-syntaxin1a ( Figures 3A-3D ), NPY-pHluorin was nearly invisible before vesicle fusion but produced a large fluorescence increase upon fusion, which can be identified regardless of pre-existence of EGFP-synaxin1A. For LDCV dynamics assay, images of NPY-EGFP and NPY-DsRed were acquired under TIRFM at 1 Hz (500 ms exposure time; 1 × 1 binning).
To achieve light-inducible PI(4,5)P 2 decrease, cells were identified first by red or infra-red fluorescence protein co-transfected. The blue light (488 nm laser; 1 s; 5%-10% total power)-induced translocation of 5′Ptase OCRL (tagged with tgRFPt or mCherry) was always verified. For simultaneously imaging of enzyme translocation and PI(4,5)P 2 changes, iRFP-PH PLCδ1 and 5′Ptase OCRL were monitored sequentially at red and infra-red channels. In the experiment testing syntaxin1a cluster changes after PI(4,5)P 2 depletion, we noticed that some cells showed no obvious iRFP-syntaxin1a clusters before laser illumination and we chose the cells with normal syntaxin1a clusters to examine the acute effect of PI(4,5)P 2 reduction. iRFP-syntaxin1a clusters were imaged at a 30-s interval with 647 nm (exposure = 500 ms), and tgRFPt-Micro-5′Ptase OCRL was imaged with a 561-nm laser together with a 488-nm laser (500 ms exposure, no binning, to activate and maintain optogenetic recruitment) before each iRFP frame.
To image vesicle undocking in the cells expressing mCherry-CRY2-5′Ptase OCRL -T2A-CIBN-VAMP2, we first took an image in mCherry channel before activating 5′Ptase OCRL recruitment to vesicles induced by a blue light pulse (1 s; 5%-10% of the total power). After confirming the efficient 5′Ptase OCRL translocation, we imaged vesicle movement every 30 s under TIRF illumination using the mCherry recruited onto vesicles as a marker. Both 561 nm (for mCherry imaging) and 488 nm (for optogenetic recruitment) were activated, and emission was collected through a 600/75-nm filter. For secretion experiments in the cells expressing mCherry-CRY2-5′Ptase OCRL T2A-CIBN-VAMP2-pHluorin, we started blue light activation and maintained it for 10 min (1 s light pulse; 20 s interval) so that undocking effect reaches a steady-state level. Then, we acquired continuous fast pHluorin TIRF images (5 Hz; 200 ms exposure) during 60 mM KCl perfusion for 7 min to detect all the fusion events. The 488-nm laser used for pHluorin excitation was sufficient to maintain optogenetic activation.
For intracellular Ca 2+ imaging with GCaMP6s-CAAX, we first confirmed the blue-lightinduced 5′Ptase OCRL (with tgRFPt/mCherry) translocation to the PM (or vesicles) in the red channel and then started GCaMP6s-CAAX images at 1 Hz (100-ms exposure time). After 30 s baseline acquisition, we switch perfusion buffer from nES to a high K + solution for another 3 min. Among all cells tested with global PI(4,5)P 2 depletion, we occasionally noticed a small number of cells (2 out 12) lacked calcium responses presumably due to cell damage, and they were excluded from statistics. In local depletion experiments, we started GCaMP6s-CAAX imaging 10 min after the initial blue-light-induced translocation of 5′Ptase OCRL to vesicles, a time when secretion tests were performed. We also test the GCaMP6s-CAAX imaging at an early time before vesicle undocking but after 5′Ptase OCRL translocation and found a similar result ( Figure 5I ). Imaging analysis is described in detail in the Supplemental Information.
Statistics
All data are presented as mean ± SEM; n represented the cell number unless otherwise specified. Multiple cells from at least three batches of cell cultures were performed for each experiment. Statistic comparisons were evaluated by two-tail Student's t test, and the significance level of difference is denoted with asterisks (*p < 0.05; **p < 0.01; ***p < 0.005). The normality and variance of data were tested before t test, and data variances were compared between the tested groups.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Highlights
•
Different PI(4,5)P 2 spatiotemporal signaling regulates vesicle trafficking distinctly
• Rapid, cell-wide PI(4,5)P 2 reduction impairs Ca 2+ signaling, but not syntaxin1a clusters
• Optogenetics allows control of PI(4,5)P 2 levels selectively at vesicle docking sites
The localized PI(4,5)P 2 reduction undocks vesicles from the plasma membrane (A-C) Three types of fusion events: with (A) or without (B) the dispersion of a syntaxin1a cluster after fusion and without a pre-existing syntaxin1a cluster (C) . (D) Summary of all fusion events (n = 111 events from 10 cells). Note the majority of LDCV fusion events occurred on or adjacent to a syntaxin1a cluster during 60 mM KCl depolarization. INS-1 cells were co-expressed with EGFP-syntaxin1a and NPY-pHluorin, and the latter was invisible before vesicle fusion. Fusion events were identified by a sudden, brighter NPY-pHluorin fluorescence increase upon vesicle fusion. (E and F) Negligible impact of the acute global PI(4,5)P 2 depletion on iRFP-syntaxin1a cluster dynamics (E) and density (F) . TIRF images of iRFP-syntaxin1a at different time after depletion were shown in (E), during which blue light was applied (1 s; 488-nm laser; 10% power) every 30 s to maintain PI(4,5)P 2 reduction. (F) Average density before and 20 min after the global depletion of PI(4,5)P 2 is shown (n = 8 cells; p = 0.28). VAMP2-labeled vesicles (in green, pseudo-color) and 5′Ptase OCRL (in red) were imaged by TIRFM before (left) and after (right) the blue light activation. Cells expressed both mCherry-CRY2-5′Ptase OCRL and CIBN-iRFP-VAMP2. Note the good colocalization 
